Uptake of Phosphorus. In the initial experimzent plants 8 weeks old were used in a series of uptake studies. Continuously aerated uptake solutions were contained in foil-wrapped liter beakers, and w-ere adjusted to pH 4.0 to 4.1 using 2 N H2,SO and M Na.,CO. There were two main series of plants: one series was grown without aluminum and aluminum was added to the uptake solutions; the other series w%as pretreated with 1.85 X 10-4 At or 18.5 X 10-4 I Al during growth and had no aluminum in the uptake solutions. Phosphorus was given as NaH.PO4 at 4.5 x 10 i%f and 22.5 x 10 SI P, labeled respectively with 10 and 50 i'c of p32. Assav of Phosphorus. After each uptake period the roots were washed with five successive changes of deionised water, blotted, dried at 800 and weighed. Shoots and roots were ashed in the muffle on stainless steel planchets at 4000, the ash being taken up with dilute nitric acid and evaporated to dryness. The activity was counted with a mica end-windowv counter of 1.5 mg/cm2 thickness.
noted similar symptoms in beet plants grown in phosphorus-deficient media and in culture solution containing aluminum, while work at Aberystwyth (13) has shown that ryegrass lines resistant to aluminum toxicity require much higher levels of aluminum to dlevelop aluminunm toxicity/phosphorus deficiency symptoms than do control unselected lines.
Burgess and Pember (1) suggested that the action of acid phosphate fertilizer in reducing aluminum toxicity effects was due to a phosphate-aluminum interaction within the root. Further work by Wright, (16, 17, 18) developed the hypothesis that aluminum was precipitated as the phosphate within the root, while Wallihan (14) thought the precipitation was more likely to occur on the root.
With the exception of our preliminary communication (10) little work appears to have been carried out on the possible role of metabolic factors in the aluminum/phosphate interaction, although during the preparation of this paper Ragland and Coleman (9) , using excised snap bean roots, have reported results similar to some of ours. This paper describes the influence of aluminum on the uptake and translocation of P32-labeled phosphorus and the effect on this interaction of certain metabolic inhibitors.
Materials & Methods
Plant Material. Seeds Uptake of Phosphorus. In the initial experimzent plants 8 weeks old were used in a series of uptake studies. Continuously aerated uptake solutions were contained in foil-wrapped liter beakers, and w-ere adjusted to pH 4.0 to 4.1 using 2 N H2,SO and M Na.,CO. There were two main series of plants: one series was grown without aluminum and aluminum was added to the uptake solutions; the other series w%as pretreated with 1.85 X 10-4 At or 18.5 X 10-4 I Al during growth and had no aluminum in the uptake solutions. Phosphorus was given as NaH.PO4 at 4.5 x 10 i%f and 22.5 x 10 SI P, labeled respectively with 10 and 50 i'c of p32. Assav of Phosphorus. After each uptake period the roots were washed with five successive changes of deionised water, blotted, dried at 800 and weighed. Shoots and roots were ashed in the muffle on stainless steel planchets at 4000, the ash being taken up with dilute nitric acid and evaporated to dryness. The activity was counted with a mica end-windowv counter of 1.5 mg/cm2 thickness.
Total phosphorus was estimated by extracting the planchets with dilute nitric acid, adjusting the solution to pH 3.0, and determining phosphorus colorimetrically by stannous chloride reduction of the phosphomolybdate.
Inhibitors. In the inhibitor experinment plants were grown in liter beakers for 6 weeks, in the same continuously aerated solution as previously. The solution was changed weekly. The procedure for uptake studies was to transfer the plants to deionised water overnight, then place thenm for 1 hour in appropriate inhibitor solution prior to transfer to the uptake solution. This comprised the full culture medium with 4.5 X 10-4 AI phosphorus labeled witlh 30 /ic of p32, plus aluminum and inhibitor, and the pH adjusted to 4.0 to 4.1. Inhibitors used were 2,4-remove(l just prior to placing in the uptake solution. DNP treatment, which appears to decrease steadily after 1 hour. In the case of the roots, in the presence of aluminunm there is a steep rise in P content in the first hour followed by a drop, after which it increased again steadily. This drop is the same as that obtained in the initial experiment vith both 4.5 X 10-4 Mr and 22.5 x 10-4 \r P substrate levels. No such drop occurred when DNP was given with aluminum. There seems to be some connection between this and the fact that 7.5 X 10-AI DNP increased P uptake of the roots ov-er the control at higlh levels of aluminum at the end of 30 minutes (fig 2) . Auttoradiographs. Figures 9 and 10 show the distribution of P after 30 seconds and 15 minutes in roots excised immediately before being placed in the test solutions. Other autoradicgraphs run at tinmes up to 30 minutes gave a sinmilar pattern.
Close examination of the lateral roots shows a concentration of P in the growing points after 30 seconds when aluminum is present, but the concentration in this region is only just discernible after 15 minutes with no aluminum. This would appear as strong evidence for the metabolic nature of the stimulation of P uptake by aluminum.
The other region of high P concentration is around the upper portion of the main root. This may be due to inadequate spreading of the lateral roots which tended to cling to the main root during the flotation procedure, to accumulation in the root, or to precipitation on the root. As this region of concentration is shown after 15 minutes even in the absence of aluminum, precipitation by alumlinumii on the root cannot be the sole cause.
Discussion
Mlain interest centers on whether the undoubted stimulation of phosphorus uptake by aluminunm under certain conditions is metabolic or merely dlue to precipitation within or on the root. Further, in view of the apparent phosphorus deficiency symptoms of plants suffering from aluminum toxicity, what is the overall effect of aluminum on phosphorus assinmilation and utilization?
That the mechanism of aluminum stinmulation of phosphate uptake is an internal metabolic process, rather than a precipitation effect is indicated by a number of factors: A, the similarity of the effect of aluminum given as a pretreatment or during the uptake period, B, autoradiographs of root tips indicate that treatments without aluminum require 15 minutes uptake of p32 to show the same activity as that given by treatments with aluminum in only 30 seconds uptake, C, cyanide causes a marked inhibition of this aluminum-induced phosphorus uptake.
Jackson et al. (5) have shown that the rate-limiting reactions for phosphorus uptake are those which involve the formation of high energy phosphate. Thus aluminum must either stimulate these reactions or stimulate phosphorus uptake by some alternative pathway.
The existence of two sites of phosphate uptake has been suggested (2), one associated with the cytochrome b system, and the other with diphosphopyridine nucleotide oxidation or reduction in the respiratory chain. It is known (4, 8) that aluminum can promote the reduction of cytochrome c in a succinic dehydrogenase-cytochrome c system. The marked inhibition of aluminum-induced phosphate uptake by cyanide, suggests that aluminum stimulates phosphate uptake at the cytochrome site.
There are some indications that non-metabolic processes may also be involved. The Low levels of alumiinium x hwhether given as a pretreatnmenit (luring the groxx th perio(d or dlurinig the 4-lhour uptake period greatly increasedl the short term-l uptake of J32. Higher levels of alumiinulmi re(luced the uptake. Simiilar patterns w-ere obtaine(d for both 4.5 X 10-r and 22.5 X 10-m P uptake solutions.
Potassiulml cyanide caused a marked inhibition of atlumiiinulm -incluce(d phosphorus uptake inlto the root.
In the absence of aluniinuml, 5 X 10-' a 2,4-dlinitro- Literature Cited
